Introduction
============

The world population reached 7.3 billion in 2015 and is projected to reach 8.5 billion by 2030 (United Nations World Population Prospects; <https://population.un.org/wpp/>) and 9.6 billion by 2050 (Food and Agriculture Organization; <http://www.un.org/en/development/desa/news/population/2015-report.html>). This growth occurs mainly in developing regions such as Africa, where demand for rice is increasing, and Asia, where rice is considered as a staple food. As a consequence, these regions are vulnerable to food shortages ([@b1-69_18203]). Thus, rice production must be increased by 70% by 2050 to meet the demand of the population growth and economic development ([@b12-69_18203]). Therefore, breeding new high-yield rice varieties is a pressing need.

As in other grass species, grain yield in rice depends on two sources: carbohydrates accumulated in the shoot (culm, leaf sheath, and leaf blade) as temporary storage before heading and photosynthates produced during maturity ([@b5-69_18203], [@b7-69_18203], [@b11-69_18203], [@b21-69_18203], [@b22-69_18203], [@b42-69_18203]). The proportion and the speed of assimilate flow from these two sources to sink varies greatly across varieties and environments ([@b25-69_18203], [@b32-69_18203]). In rice, up to 24%--27% of the carbohydrates in the grain originates from stem starch reserves ([@b7-69_18203]). A high concentration of the stem carbohydrate reserve at heading can be a target to select high-yielding varieties ([@b21-69_18203], [@b32-69_18203]).

Grain filling is affected by the environment. Excess nitrogen and water supply at maturity delays leaf senescence and decreases the amount of stem reserves ([@b9-69_18203], [@b14-69_18203], [@b27-69_18203]). Under nitrogen deficiency, photosynthesis activity is decreased, and carbohydrate metabolism is altered so that the root/shoot biomass ratio increases ([@b2-69_18203], [@b13-69_18203], [@b28-69_18203]). Translocation of dry matter from shoot to grain also compensates for the shortage of assimilate supply for grains under unfavorable conditions during grain filling ([@b3-69_18203], [@b23-69_18203], [@b36-69_18203]). Under water deficiency, translocation from stem reserves to grains increases, shortening the grain-filling period ([@b41-69_18203]).

Many rice varieties have low yield despite having a large source and high sink capacity because of a low grain-filling ratio ([@b29-69_18203]). Environmental and developmental changes often reduce the potential of the sink and source ([@b40-69_18203]). Therefore, optimization of the source/sink ratio depending on the environment should be considered for improving yield potential. Identification of QTLs controlling the source/sink distribution of assimilates would enhance our understanding of the complex relationships among these traits and facilitate genetic improvement. A limited number of candidate genes for improving assimilate translocation have been reported ([@b15-69_18203], [@b37-69_18203], [@b39-69_18203]).

In many studies, translocation efficiency was determined on the basis of the amount of non-structural carbohydrates (NSC) in stems at heading and maturity stages ([@b26-69_18203], [@b33-69_18203], [@b34-69_18203]). In rice, there are reports showing the locations of QTLs related to carbohydrate assimilation and translocation ([@b17-69_18203], [@b18-69_18203], [@b19-69_18203], [@b26-69_18203]). [@b16-69_18203] reported 13 QTLs for carbohydrate production and revealed that there is no correlation between the amount of carbohydrates stored in shoots before heading and grain yield. This finding contradicts previous studies, which showed that higher capacity of the carbohydrate reserve can increase grain yield ([@b21-69_18203], [@b32-69_18203]); this discrepancy can likely be explained by the complex nature of grain filling in rice.

In this study, the main objective was to genetically dissect the translocation-related traits in rice. We introduced a simple phenotyping method to identify QTLs for shoot reserve translocation. T65, a *japonica* rice cultivar, DV85, an *aus* cultivar, and recombinant inbred lines (RILs) derived from these two parents were used as the mapping population. This study is the first to use the weight of shoots and panicles for QTL analysis. In addition, QTLs for NSC content and individual carbohydrates at three stages after heading were analyzed.

Materials and Methods
=====================

Plant materials
---------------

A population of 92 RILs (F~10~ and F~11~) constructed by a single-seed descent method from a cross between T65 (*japonica* cultivar) and DV85 (*aus* cultivar) was kindly supplied by the National Bioresource Project (NBRP). Seeds were pre-germinated in water at room temperature for 3 days. Only germinated seeds were sown on 22 May 2016. Ten 30-day-old seedlings per cultivar or RIL were transplanted in a single row with a spacing of 20 cm between hills and 30 cm between rows. Field experiments were conducted under natural conditions in the paddy fields (Oxyaquic Dystrudept soil) of Togo Field, Nagoya University (35°06′36.5″N, 137°05′06.3″E). The RILs were planted in two plots, one with standard fertilizer (SF) with basal dressing (30 kg N/ha, 25 kg P/ha, 30 kg K/ha) and dressing at the maximum tillering stage (40 kg N/ha, 35 kg K/ha), and the other one with no fertilizer (low fertilizer, LF). Pests and diseases were intensively controlled using chemicals to avoid yield loss.

Sampling and evaluation of phenotypes
-------------------------------------

Because the shoot carbohydrate reserve can re-accumulate at the final grain-filling stage ([@b19-69_18203]), we took samples at 5, 20, and 35 days after heading (DAH). The heading dates of the plant materials (days to heading, DTH) were monitored for each individual, and the aboveground parts of two plants (including dead leaves but excluding roots) were taken at 5, 20, and 35 DAH for RILs, whereas samples of parental lines were taken every 5 days from 5 to 35 DAH, 2 plants per each sampling time; sampling was performed between 10 am and 2 pm. Ten plants of each RIL were planted in a row. Because the order of the RILs were random, the effect of the locations in the fields were randomized. Second and third plants in a row of an RIL were taken at 5 DAH, fifth and sixth at 20 DAH and eighth and ninth at 35 DAH, to minimize the border effect. Sampling of the parents was done in 5 days intervals using 3 rows, first row for 5, 10, and 15 DAH, second row for 20, 25 and 30 DAH, and third row for 35 DAH. If the target plants were damaged or contained off-types, fourth or seventh plants were used as alternatives. Despite lodging or shattering in some of the samples, we tried to recover the maximum parts of the plants. However, the samples of 35 DAH with visible damages were removed from the analysis: in SF, 35 DAH samples of 11 RILs were not used and in LF, 35 DAH samples of 3 RILs could not be sampled. On the other hand, 25, 30 and 35 DAH samples of DV85 with small damages in panicles were analyzed to clarify the difference between the parents. Samples were washed to remove soil and dried in an oven at 80°C for 48 h to obtain constant weight. All samples were separated into shoots (stems, leaf blades, leaf sheaths) and panicles. Shoot weight (SW) and panicle weight (PW) were measured and used as trait values (referred to as SW5, PW5, SW20, PW20, SW35, and PW35). In particular, the differences in SW and PW between the three sampling time points were used to figure out QTLs for assimilate translocation. Total biomass (BM) and harvest index (HI) were defined as BM = SW + PW, HI (%) = PW35 BM35^−1^ × 100. PW35 was used as a proxy for yield per plant (harvested product) to calculate HI.

Measurement of NSC contents
---------------------------

NSC contents of the stems were determined as described in [@b35-69_18203]. Stems were ground to fine powder in a grinder (Sansei SC-01, [www.sanshoindy.com](www.sanshoindy.com)). Samples (3--5 mg) were weighed immediately after additional drying at 50°C for 24 h. Soluble sugars were extracted with 80% ethanol at 80°C. Sucrose was hydrolyzed to glucose and fructose by invertase. Starch precipitate was heated in water at 100°C for 1 h and then treated with amyloglucosidase (A-9228, Sigma Aldrich, St. Louis, MO, USA) in 50 mM Na-acetate buffer (pH 4.5) at 55°C for 1 h. The glucose content of each fraction was quantified based on an enzymatic method. The concentrations of these substances were converted to mg/g dry weight of the stems and used as trait values (NSC5, NSC20, and NSC35).

Measurement of chlorophyll (Chl) content
----------------------------------------

A SPAD 502 Plus Chlorophyll Meter (Konica Minolta, Tokyo, Japan) was used to estimate the Chl content of flag leaves. Heading date of each line was monitored and Chl was measured at 5, 20, and 35 DAH (designated SPAD5, SPAD20, and SPAD35, respectively). Because a linear model fits SPAD values to *Chl* content ([@b38-69_18203]), difference of the SPAD values were used as the indicators for temporal changes.

Genotyping of RILs by sequencing
--------------------------------

DNA was extracted from lyophilized leaf samples by using a modified Dellaporta method, and its quality was checked by electrophoresis on a 0.6% agarose gel in 0.5×TBE buffer. A QuantiFluor dsDNA System and Quantus Fluorometer (Promega, USA) were used for DNA quantification.

A genotyping-by-sequencing library was prepared following the protocol by [@b30-69_18203] and [@b10-69_18203]. Briefly, (1) 200 ng (20 ng × 10 μl) of DNA from each sample was digested with *Kpn*I ("rare cutter") and *Msp*I ("common-cutter"); (2) digested DNA was ligated to barcode adaptors (with a *Kpn*I site) and a 'Y-adapter' (with an *Msp*I site); (3) ligated samples were pooled (multiplexed) and purified using a QIAquick PCR Purification Kit (Qiagen); (4) pooled DNA was amplified with outer primers to add sequences for primer sites and flowcell-binding sequences for Illumina sequencing; (5) amplified pooled DNA was purified using the QIAquick PCR Purification Kit, quantified with the QuantiFluor dsDNA system, and its quality was checked using a MultiNA electrophoresis instrument (Shimadzu); and (6) the library was diluted to 10 pM and used for next generation sequencing on a MiSeq platform (Illumina Inc., San Diego, CA, USA) together with 5% PhiX control (PhiX Control v3, Illumina). Informatics was conducted as described in [@b10-69_18203] to obtain genotypes.

Statistical analysis and QTL mapping
------------------------------------

All of the data were input into Microsoft Excel and R 3.51 (R [@b31-69_18203]). Correlation analysis was conducted by using R. QTL analysis was based on interval mapping with the "hk" option of "scanone" function implemented in R/qtl ([@b4-69_18203]). Significant QTLs were identified on the basis of an empirical threshold determined by 1000 permutation tests ([@b6-69_18203]).

Results
=======

Parental phenotypes
-------------------

Frequency distributions and parental phenotypes are shown in [Supplemental Fig. 1](#s1-69_18203){ref-type="supplementary-material"}. Temporal changes in SW and PW of the parents are shown in [Fig. 1](#f1-69_18203){ref-type="fig"}. In general, SW and PW were higher in the SF plot than in the LF plot. The difference between the parents was more obvious in the SF plot. At 5 DAH, SW was greater in DV85 than in T65. In DV85, SW decreased rapidly from 5 to 20 DAH, and then slightly until 35 DAH, but remained constant over the whole maturity period in T65 ([Fig. 1A](#f1-69_18203){ref-type="fig"}). The rapid decrease of SW in DV85 corresponded to a rapid increase of PW. On the other hand, PW of T65 increased slowly during maturity. The decrease of PW of DV85 from 25 to 35 DAH can be explained by lodging and shattering due to heavy rain and typhoon during this period. No clear difference between the parents was observed in the LF plot ([Fig. 1B](#f1-69_18203){ref-type="fig"}).

The concentrations of carbohydrate components in the stems of T65 and DV85 under two different nitrogen levels are shown in [Fig. 2](#f2-69_18203){ref-type="fig"}. NSC was defined as the total of glucose, sucrose, and starch; the latter two were the main NSC components. In general, both parents accumulated significantly more NSC from 5 to 15 DAH in the LF plot than in the SF plot. DV85 accumulated higher NSC concentrations than did T65 from 5 to 10 DAH in both plots ([Fig. 2](#f2-69_18203){ref-type="fig"}). Sucrose and starch concentrations decreased rapidly from 5 to 20 DAH in DV85 in both plots ([Fig. 2C, 2D](#f2-69_18203){ref-type="fig"}). T65 in the SF plot ([Fig. 2A](#f2-69_18203){ref-type="fig"}) retained more constant concentration over the maturity period. Re-accumulation of NSC at 30--35 DAH was observed in both parents in both plots.

Trait correlations in RILs
--------------------------

Because the differences between the parents were more apparent in the SF plot, we focused on this plot. Correlations among the traits in RILs are shown in [Fig. 3](#f3-69_18203){ref-type="fig"} and [Supplemental Fig. 2](#s1-69_18203){ref-type="supplementary-material"}. Indicators of temporal changes in BM, BM20-5, BM35-20, and BM35-5 were defined as the differences between the BM values at 5, 20, and 35 DAH, respectively; similar traits were defined for SPAD and NSC. In the same manner, shoot weight transfer ratios (SWTR) were defined as follows: SWTR5-20 = (SW5 -- SW20) SW5^−1^; SWTR20-35 = (SW20 -- SW35) SW20^−1^; and SWTR5-35 = (SW5 -- SW35) SW5^−1^. Positive correlation with PW35 (used as a proxy for yield per plant) was observed for HI, BM5, BM20, BM35, BM20-5, BM35-20, BM35-5, SW5, SW20, SWTR20-35, SWTR5-35, NSC20-35, and NSC5-35, whereas negative correlation was observed for NSC35, NSC5-20, and SPAD35. These results imply that higher PW35 (yield) was accompanied by a decrease in SW at 35 DAH and was related to SW changes at a late maturity stage because SWTR5-20 and NSC5-20 were not correlated with PW35.

QTLs detected in RILs
---------------------

To detect QTLs for the traits analyzed, 3276 single nucleotide polymorphism markers were obtained by genotyping-by-sequencing and used for interval mapping ([Supplemental Figs. 3, 4](#s1-69_18203){ref-type="supplementary-material"}, [Table 1](#t1-69_18203){ref-type="table"}).

PW, SW, BM, HI, and DTH
-----------------------

No significant QTLs for PW ([Supplemental Fig. 4](#s1-69_18203){ref-type="supplementary-material"}) were detected. For BM5 and BM20, a major QTL was detected on chromosome 5 (*qBM5*), and a QTL for BM5 was detected on chromosome 10 (*qBM10*) ([Fig. 4A](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}). SW, DTH, and HI shared the same QTLs on chromosomes 5 and 10. At the QTL on chromosome 5, the DV85 allele increased BM and DTH and decreased HI, whereas the one on chromosome 10 showed opposite effects ([Fig. 4B--4D](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}). For HI, another QTL was detected on chromosome 1 (*qHI1*); the DV85 allele decreased HI ([Fig. 4D](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}).

QTLs for temporal changes during maturity
-----------------------------------------

To detect translocation-related QTLs, we analyzed temporal changes of the traits. Among them, SWTR20-35 and SWTR5-35 shared the same QTL on chromosome 11 ([Fig. 4E](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}). At this QTL, the DV85 allele showed higher SWTR values and thus enhanced the loss of shoot weight during the late maturity stage. This QTL was not observed in the LF plot (data not shown).

QTLs for NSC and its temporal changes
-------------------------------------

On chromosome 1, a QTL for NSC5 was detected at the same position as *qHI1*, where the DV85 allele increased NSC5. Two QTLs for NSC20 and NSC35 (*qNSC10.1* and *qNSC10.2*) were detected on chromosome 10 ([Fig. 4F](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}). The position of *qNSC10.1* was the same as that of *qDTH10*. For temporal changes in NSC, no significant QTLs were detected, but one suggestive QTL for NSC5-35 (*qNSC2*, LOD = 3.14, i.e. slightly below the 5% threshold = 3.28) was detected on chromosome 2; at this locus, the DV85 allele enhanced the decrease of NSC ([Fig. 4G](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}).

Discussion
==========

Comparison of the characteristics of carbohydrate translocation in the parents
------------------------------------------------------------------------------

During carbohydrate translocation, photoassimilates are distributed from the source or temporary storage (stem) organs to sink (grains). Previous studies often quantified carbohydrate translocation by measuring stem NSC concentration at heading and maturity ([@b15-69_18203], [@b25-69_18203], [@b39-69_18203], [@b43-69_18203]). However, these studies did not analyze translocation of biomass to panicles. In the present study, we found that T65 (*temperate japonica*) and DV85 (*aus*) have different translocation characteristics: T65 retained more shoot biomass during maturity and depended more on newly synthesized assimilates, whereas DV85 accumulated more shoot biomass at the heading stage and the biomass was quickly transferred to panicles. We observed a similar tendency for NSC contents in stems ([Figs. 1](#f1-69_18203){ref-type="fig"}, [2](#f2-69_18203){ref-type="fig"}).

Fertilizer conditions greatly affected these traits ([Figs. 1](#f1-69_18203){ref-type="fig"}, [2](#f2-69_18203){ref-type="fig"}). The LF condition facilitated accumulation of NSC in both parents, suggesting that plants retain more NSC under severe nutrient deficiency. This indicates that starved rice plants prioritize survival over growth, in line with the increased root/shoot biomass ratio ([@b2-69_18203], [@b13-69_18203], [@b28-69_18203]). Because the differences between translocation-related traits were more apparent under SF than LF conditions, we considered the SF conditions to be more suitable to detect QTLs that characterize the parents.

Characterization of translocation-related QTLs
----------------------------------------------

SW (SW5, SW20, and SW35) and PW (PW5, PW20, and PW35) showed correlations among different stages ([Fig. 3](#f3-69_18203){ref-type="fig"}). QTLs for SW were detected on chromosomes 5 and 10, and their positions were the same as those of QTLs for DTH, indicating that the duration of vegetative growth affects these traits. We consider the QTL on chromosome 10 to be *Ehd1* ([@b8-69_18203]). However, no QTLs for PW or its temporal changes were detected ([Supplemental Fig. 4](#s1-69_18203){ref-type="supplementary-material"}), suggesting that the yield was controlled by many genes that could not be detected because of a low LOD score of each locus. On the other hand, by using the temporal changes in SW, we detected a novel QTL on chromosome 11 (*qSWTR11*), and the DV85 allele caused a rapid loss of SW at maturity. In addition, a suggestive QTL for BM35-5 was detected on chromosome 11 (LOD = 2.56, [Fig. 4H](#f4-69_18203){ref-type="fig"}, [Table 1](#t1-69_18203){ref-type="table"}), where the DV85 allele suppressed biomass production at maturity (5 to 35 DAH). Taken together, these data indicate that the QTL on chromosome 11 regulates both the allocation of photoassimilates and retainability of photosynthesis activity.

Although the difference between the parents in SW decrease during maturity was observed until 20 DAH ([Fig. 1](#f1-69_18203){ref-type="fig"}), this QTL was detected at the late maturity stage (SWTR20-35 and SWTR5-35), probably because the photosynthesis activity was retained until 20 DAH and translocation was not very active, when all of the RILs were averaged for QTL analysis. Thus, from 20 to 35 DAH, the decrease in photosynthesis activity because of leaf senescence and assimilate translocation acted as the main force of grain filling, which allowed the detection of these QTLs for SWTR.

Characterization of QTLs for NSC and SPAD
-----------------------------------------

Because NSC and SPAD are physiological traits related to translocation and photosynthesis, we chose them as the target traits. QTLs for NSC at each stage were detected on chromosomes 1 (NSC5) and 10 (NSC5, NSC20, and NSC35) ([Fig. 4G](#f4-69_18203){ref-type="fig"}). *qNSC10.1* was probably *Ehd1* ([@b8-69_18203]) and affected pleiotropically by heading date. *qNSC10.2* was detected as a peak separate from *qNSC10.1*. The position of *qNSC1* was the same as that of *qHI1*. The DV85 allele at this QTL increased accumulation of NSC and decreased HI. Therefore, we consider the DV85 allele to increase stem NSC reserves at the early maturity stage. This QTL can be a target for selection to breed a high-yielding variety ([@b21-69_18203], [@b32-69_18203]).

A suggestive QTL for NSC5-35 was detected on chromosome 2 ([Fig. 4G](#f4-69_18203){ref-type="fig"}). The DV85 allele at this QTL decreased NSC during maturity and resulted in a rapid decrease of NSC in DV85. This QTL was not detected for other traits and thus appears to control the NSC concentration at the late maturity stage independently of other QTLs.

The SPAD values were analyzed as an indicator of temporal changes in photosynthesis. No QTLs were detected for the temporal changes in SPAD, but two QTLs for SPAD5 (chromosomes 1 and 7), one for SPAD20 (chromosome 1), and one for SPAD35 (chromosome 3) were detected ([Supplemental Fig. 4](#s1-69_18203){ref-type="supplementary-material"}). However, none of the SPAD-related traits was correlated with SWTR or shared a QTL with this trait. This indicated that SPAD values were not appropriate for monitoring actual photosynthesis activity.

Potential for yield improvement
-------------------------------

Because the traits analyzed in the present study greatly fluctuate by environment ([Figs. 1](#f1-69_18203){ref-type="fig"}, [2](#f2-69_18203){ref-type="fig"}), it should be noted that the information on the QTL in the present study should be regarded as an example in a specific condition of single year. However, QTLs with relatively high LOD scores are expected to be the target for further analysis. In this study, novel QTLs for SWTR and NSC were detected. A simple method using a temporal change in biomass extracted a QTL for SWTR on chromosome 11. One QTL for NSC was associated with HI (*qNSC1*), and a suggestive QTL (*qNSC2*) for a temporal change in NSC independent from other traits was identified. Of the two QTLs identified on chromosome 10, one was probably identical to *Ehd1* (*qNSC10.1*) ([@b8-69_18203]) and the other one (*qNSC10.2*) was linked to *qNSC10.1* and needs further confirmation and characterization. The *OsGWD*, *OsHXK6*, and *ISA2* genes are reported to affect grain filling in rice ([@b15-69_18203], [@b37-69_18203], [@b39-69_18203]). However, the positions of the QTLs in the present study are different from those of these genes. Thus, cloning of the genes underlying the QTLs such as *qSWTR11* will elucidate the mechanism of assimilate translocation in rice. We will characterize the QTLs detected in the present study and also other QTLs for yield or other physiological traits by using near-isogenic lines or chromosome segment substitution lines in a uniform genetic background.

To achieve maximum yield, virtually all of the NSC should be translocated to grains. However, the loss of activity of the shoot results in lodging before harvesting ([@b20-69_18203]). In addition, the QTLs detected in this study did not contribute to PW and hence yield, and a different set of QTLs was detected under LF conditions (data not shown). Growth modeling is expected to help optimization of these complicated factors ([@b24-69_18203]). Currently, ecophysiological models are independent from the genetic characteristics of each variety and DNA genotypes. Because the genetic mechanisms underlying rice yield are complicated and interact with the environment, a different way of phenotyping such as that used in the present study will help to construct a better growth model that will include genotypes, and hence help improve the yield of rice.
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![Temporal changes in panicle weight (PW) and shoot weight (SW) (mean ± SD) of T65 and DV85 in (A) standard fertilizer (SF) and (B) low fertilizer (LF) plots. DAH, days after heading.](69_18203_1){#f1-69_18203}

![Concentrations of non-structural carbohydrate components (mean ± SD) of (A, B) T65 and (C, D) DV85 in the (A, C) standard fertilizer (SF) and (B, D) low fertilizer (LF) plots.](69_18203_2){#f2-69_18203}

![Correlations of phenotypes in the SF plot. Additional information is provided in [Supplemental Fig. 2](#s1-69_18203){ref-type="supplementary-material"}. Color of dots indicates the correlation coefficient values corresponding to the bar on the right.](69_18203_3){#f3-69_18203}

![Interval mapping showing the locations of QTLs detected in the SF plot. Trait names are above each panel. The black, red, and blue lines correspond to 5, 20, and 35 DAH, respectively, in panels A, B, and F, and to shoot weight transfer ratios (SWTR) 5--20, 20--35, and 5--35 in panel E. Asterisk in E indicates a false-positive LOD peak detected by strong segregation distortion. Horizontal dotted lines in all panels except H indicate an empirical threshold at the 5% level.](69_18203_4){#f4-69_18203}

###### 

QTLs detected in the SF plot[a](#tfn1-69_18203){ref-type="table-fn"}

  QTL                                                  Chr[b](#tfn2-69_18203){ref-type="table-fn"}   Trait       Marker         Position (Mb)   LOD                                            AE[c](#tfn3-69_18203){ref-type="table-fn"}   PVE (%)[d](#tfn4-69_18203){ref-type="table-fn"}
  ---------------------------------------------------- --------------------------------------------- ----------- -------------- --------------- ---------------------------------------------- -------------------------------------------- -------------------------------------------------
  *qHI1*                                               1                                             HI          S1_9626817     9.63            4.59                                           −4.74                                        23.49
  *qNSC1*                                              1                                             NSC5        S1_9626839     9.63            3.76                                           23.29                                        20.61
                                                                                                                                                                                                                                            
  *qNSC2*                                              2                                             NSC5-35     S2_33486011    33.49           3.14[e](#tfn5-69_18203){ref-type="table-fn"}   24.88                                        20.54
                                                                                                                                                                                                                                            
  *qHI5*                                               5                                             HI          S5_24022776    24.02           3.80                                           −3.88                                        19.87
  *qDTH5*                                              5                                             DTH         S5_24022776    24.02           4.30                                           2.84                                         19.37
  *qBM5*                                               5                                             BM5         S5_24481151    24.48           7.04                                           8.65                                         29.71
  *qBM5*                                               5                                             BM20        S5_24481151    24.48           3.78                                           6.73                                         18.31
  *qSW5*                                               5                                             SW5         S5_24481151    24.48           5.47                                           7.71                                         27.32
  *qSW5*                                               5                                             SW20        S5_24481151    24.48           5.09                                           6.40                                         25.67
  *qSW5*                                               5                                             SW35        S5_24520974    24.52           4.48                                           5.86                                         23.00
  *qBM5*                                               5                                             BM35        S5_24621229    24.62           2.67                                           5.99                                         14.39
                                                                                                                                                                                                                                            
  *qDTH10*                                             10                                            DTH         S10_16626134   16.63           9.98                                           −4.09                                        39.34
  *qSW10*                                              10                                            SW20        S10_16626134   16.63           4.23                                           −6.27                                        21.87
  *qSW10*                                              10                                            SW35        S10_16626134   16.63           4.70                                           −6.46                                        23.95
  *qHI10*                                              10                                            HI          S10_16626134   16.63           6.42                                           5.32                                         31.21
  *qNSC10*.[f](#tfn6-69_18203){ref-type="table-fn"}    10                                            NSC35       S10_16626134   16.63           3.98                                           −30.23                                       21.17
  *qBM10*                                              10                                            BM5         S10_17367149   17.37           3.39                                           −7.02                                        15.59
  *qNSC10.1*[f](#tfn6-69_18203){ref-type="table-fn"}   10                                            NSC20       S10_17472779   17.47           3.62                                           −28.04                                       19.01
  *qNSC10.1*[f](#tfn6-69_18203){ref-type="table-fn"}   10                                            NSC5        S10_17472779   17.47           3.44                                           −22.62                                       19.02
  *qNSC10.2*                                           10                                            NSC20       S10_21362510   21.36           3.44                                           −26.36                                       18.39
                                                                                                                                                                                                                                            
  *qSWTR11*                                            11                                            SWTR20-35   S11_16893255   16.89           6.76                                           0.09                                         33.27
  *qSWTR11*                                            11                                            SWTR5-35    S11_16893255   16.89           5.67                                           0.09                                         28.75
  *qBM11*                                              11                                            BM35-5      S11_16893255   16.89           2.56[e](#tfn5-69_18203){ref-type="table-fn"}   −4.34                                        13.86

Full information on QTL analysis is provided in [Supplemental Fig. 4](#s1-69_18203){ref-type="supplementary-material"}.

Chromosome.

Additive effects of the marker calculated as ((average of DV85) − (average of T65))/2. Positive values mean that the DV85 allele increased the trait value.

Percentage of variance explained by the QTL.

Non-significant (suggestive) QTLs.

These QTLs were considered to be identical, so the same designation was used.
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